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Equal-channel angular pressing (ECAP) was one of severe plastic deformation method in order to increase the 
mechanical properties of solid metal without changing its dimension and without adding any alloy elements. The 
change of mechanical properties on ECAPed metals was caused by the change of lattice strain, so that the lattice 
strain investigation was recommended for evaluating ECAPed metals. In this study, pure titanium rod was 
treated by ECAP with Bc route and two passes. Before ECAPed, this titanium rod consisted of two lattice strains 
i.e. 0.001014 and 0.005241. After ECAPed, a lattice strain of 0.005241 reduces to 0.003205 and 0.003555 after 
first pass and reduces again to 0.002576 and 0.002647 after two passes. Meanwhile, a lattice strain of 0.001014 
was annihilated after ECAP treatment. These results show that ECAP treatment can reduce and eliminate lattice 
strains on titanium rod. This study also shows that the reduction of lattice strains implicates to the increasing of 
its hardness value. 





The severe plastic deformation (SPD) method 
is an effective way in order to improve the 
mechanical properties of pure titanium metal 
without adding any alloy elements and without 
changing its diameter [1]. 
 
One of some SPD methods that can be applied 
to pure titanium rod is equal-channel angular 
pressing (ECAP) [2]. The working principle of 
ECAP is that a solid metal in the form of a 
cylinder (rod) is passed through a cylindrical 
channel with a certain angle while being 
pressed forcefully with a certain load [3]. The 
illustration of this process can be seen in 
Figure 1.a. With this treatment process, it is 
hoped that the atomic compaction will be 
occurred so that it can implicate to improve the 
mechanical properties of pure titanium rod, 
especially in its hardness value. 
 
Several studies on the application of ECAP to 
titanium rods have been published. In general, 
research only discusses the effect of ECAP 
treatment including route and the number of 
passes on improving its mechanical properties. 
The cause of the increasing of mechanical 
properties due to ECAP which is generally 
discussed is only focused in the change of 
grain to become smaller and more uniform. [2]. 
However, it is rare to discuss the change in 
residual stress during ECAP process. It is 
because the residual stress is very difficult to 
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be determined quantifiably. However, the 
residual stress can still be predicted by the 
presence of residual strain. The residual strain 
can be detected by the presence of lattice 
strain. And, the lattice strain can determined by 
means of x-ray diffraction (XRD) analytical 
method [4].  
 
Therefore, this study tries to determine the 
cause of the increasing of mechanical 
properties (i.e. hardness value) of titanium rods 
due to ECAP treatment from the lattice strain 
point of view, which this study is rarely 
conducted. Furthermore, in order to perform 
lattice strain analysis, a special analytical 
method is used, i.e. Williamson-Hall plot 
method.   
 
Williamson-Hall Plot Method 
 
The Williamson-Hall plot method is commonly 
used for analyzing the x-ray diffraction line 
broadening [5-12].  
 
The principle of this method on solid metal 
sample is that the line broadening of x-ray 
diffraction peak (B, in radian) is effected by 
lattice strain. This principle is then formulated 
in an equation below [12] 
 
                     (1) 
                     (2) 
 
where ԑ  is lattice strain and θ is diffraction 
angle (degree). Equation (2) is then thought as 
a linear equation of y = ax where y is B Cos θ, 
x is 4 Sin θ, and a or gradient is ԑ . For making 
the analysis easier to perform, a Williamson-
Hall plot can then be made where x-axes 
(abscissa) is 4 Sin θ and y-axes (ordinate) is B 
Cos θ. Thus, with this Williamson-Hall plot, 
the value of lattice strain (ԑ ) can be obtained 
as a gradient value of the linear regression line 
equation. 
 
However, in practice it is rare to find an ideal 
linear regression line equation (y = ax). The 
equation that is often found is y = ax + b, 
where b is an intersection point of the ordinate. 
However, the y = ax + b equation can be 
tolerated and considered as y = ax provided 
that the value of the b intercept is very close to 
zero.   In the calculation, the line broadening of 
diffraction peak (B) is calculated from the 
value of the full width at half maximum 
(FWHM), where its value in o2θ unit is then 
converted into radian (rad) unit. 
   
2. METHODS 
 
The samples were three solid titanium rods (Ti 
rods) with a diameter of 13.5 mm and a length 
of 65 mm. The first sample was not given 
ECAP treatment. The second sample was 
ECAPed with Bc route for one pass. The third 
sample was ECAPed with Bc route for two 
passes. The mechanism of ECAP with Bc route 
can be seen in Figure 1. 
 
These samples were then characterized by a 
Brüker x-ray diffractometer (XRD) with Co-
Kα tube (λ = 1.78901 Å). The range of 2θ used 
is 30o to 120o. After being characterized by 
XRD, the value of 2θ and FWHM were 
calculated using Highscore Plus (HSP) 
software. After that, these samples were 
analyzed for lattice strain using the 
Williamson-Hall method. 
 
Then, these samples were measured for their 
Brinell hardness (HB) values using AFFRI 
hardness tester equipment with a compressive 
load of 187.3 kgf. 
 
3. RESULTS AND DISCUSSION 
 
An XRD characterization results in the form of 
diffraction patterns of samples can be seen in 
Figure 2 and Figure 3. Then, for making line 
broadening analysis become easier, each 
diffraction peak is assigned a peak number (see 
Figure 2). Then, the diffraction peaks are 
calculated for determining 2θ and FWHM 
values where the calculation results can be 
seen in Table 1.  
 
3.1. Plot of FWHM vs 2θ 
  
For analyzing the lattice strains, the first step 
that needs to be done is to sort out the 
diffraction peaks indicated that there is a 
contribution to the effect of lattice strain in the 
broadening of diffraction peaks. To sort them 
out, a plot of FWHM as a function of 2θ can be 
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Figure 1. (a) Mechanism of Bc route ECAP with 120o of elbow in this study. (b) Top view of sample position 






Figure 2. Diffraction patterns of titanium rod samples with diffraction peak numbers. (a) Before ECAP. (b) 
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Figure 3. Diffraction peaks of titanium rod samples with the indexing of Miller indices and phases. (a) Before 








 Before ECAP  1 Pass of ECAP  2 Passes of ECAP 
 2θ (o) FWHM (o2θ)   2θ (o) FWHM (o2θ)   2θ (o) FWHM (o2θ)  
1    34.3127 0.4487    34.3449 0.1309    34.4112 0.1122 
2    40.9306 0.3739    40.9263 0.2057    40.9704 0.2244 
3    44.9283 0.2617    44.9013 0.1309    44.9267 0.2617 
4    46.9660 0.2991    46.9724 0.1309    46.9322 0.1683 
5    62.3689 0.2244    62.3334 0.2617    62.4146 0.3365 
6    74.6463 0.3739    74.5355 0.2617    74.6053 0.4487 
7    84.2720 0.5235    84.2150 0.5983    84.3071 0.5983 
8    88.6241 0.5983    88.5781 0.5235    88.7407 0.5983 
9    91.4863 0.5983    91.3344 0.5235    91.4090 0.5235 
10    93.0962 0.4487    92.9280 0.5235    93.0282 0.5983 
11    94.6376 0.4487    99.7265 0.5983    99.5506 0.5983 
12    97.7893 0.4487  105.5693 0.5983  105.8535 0.5983 
13    99.6379 0.5235  114.3767 0.8974  114.3400 0.8974 
14  105.7398 0.8974       
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1 2 3 
0 158.50 157.00 153.20 156.23 
1 220.00 252.00 233.00 235.00 
2 250.80 252.00 253.30 252.03 
 
 
used [4]. Theoretically, if there is an effect of 
lattice strain in the broadening of diffraction 
peaks, a linear line will be formed with a 
positive gradient (slope) in the 2θ range of 0o - 
100o [4]. Therefore, the FWHM vs 2θ plot in 
this study was also observed in this range as 
well (see Figure 4). With the limitation of 
observation (i.e. 2θ = 0o - 100o), in each sample 
there are two diffraction peaks that are not 
observed, i.e. diffraction peaks number 14 and 
15 in first sample (before ECAP) and 
diffraction peaks number 12 and 13 in the two 
ECAPed samples. 
 
According to the linear regression lines formed 
in Figure 4, the probability of the effect of 
lattice strain on the sample before ECAP is at 
the diffraction peaks number 3, 6, 7, 8, 9, 10 
and 13 (see Figure 4.a). So it can be 
ascertained that there was no lattice strain 
effect on the line broadening at the diffraction 
peaks number 1, 2, 4, 5, 11 and 12. While in 
the ECAPed samples with one pass, the 
probability of the effect of lattice strain was 
found at the diffraction peaks number 1, 2, 3, 
4, 5, 7, 8, 9, 10 and 11, as well as only 
diffraction peak number 6 which has no lattice 
strain effect (see Figure 4.b). Whereas in the 2-
pass ECAPed sample, the effect of lattice strain 
was probably found on all observed diffraction 
peaks (see Figure 4.c).  
 
The decrease in the number of diffraction 
peaks that did not have the effect of lattice 
strain after ECAP indicated a more even lattice 
strain distribution probability after ECAP 
treatment. However, to prove it, the diffraction 
peaks that contribute to the formation of the 
linear regression lines in Figure 4 must then be 
plotted in the Williamson-Hall plot. 
3.2. Williamson-Hall Plot 
  
The Williamson-Hall plots on diffraction peaks 
that have a probability of the effect of lattice 
strains based on the previous results in Figure 4 
can be seen in Figure 5. Two linear regression 
lines are formed in Figure 5.a, Figure 5.b and 
Figure 5.c. In these Williamson-Hall plots, the 
gradient values (or slopes) of the linear 
regression lines represent the values of the 
lattice strains. Thus, based on the analysis of 
the Williamson-Hall plots show that the 
calculated lattice strains (ԑ ) obtained are ԑ 1 = 
0.001014 and ԑ 2 = 0.005241 for a sample 
before ECAP, ԑ 1 = 0.003205 and ԑ 2 = 
0.003555 for 1-pass ECAPed sample as well as 
ԑ 1 = 0.002576 and ԑ 2 = 0.002647 for 2-pass 
ECAPed sample. These results are also 
presented in the form of a bar graph in Figure 
6.a. 
 
If the change of the lattice strain value (ԑ ) is 
observed to the number of passes of the ECAP 
treatment, the lattice strain values in the 
samples after ECAP are the decreasing of one 
of the lattice strain value before ECAP, i.e. ԑ 2 
= 0.005241. This is evidenced by the 
exponential regression curve formed in Figure 
6.b where the correlation shows R2 which is 
very close to 1, i.e. 0.9535. This shows that the 
ECAP treatment process on titanium rods is 
proven to reduce the value of lattice strain. 
Meanwhile, one of the lattice strain value of 
unECAPed sample (i.e. ԑ 1 = 0.001014) did not 
contribute at all to the curve in Figure 6.b. It 
shows that ԑ 1 = 0.001014 is eliminated after 
ECAPed. This indicates a strong suspicion that 
in addition to a  decrease in a value of the 
lattice strain, the ECAP treatment on titanium 
rods can also remove a small value of lattice 
strain. Basically, the low lattice strain value of 
ԑ1 = 0.001014 also decreased after 1-pass 
ECAP treatment, where it decreased from ԑ1 = 
0.001014 to ԑ1 = 0. Thus, theoretically, a ԑ2 = 
0.005241 of unECAPed sample can also be 
eliminated to ԑ2 = 0 by increasing the number 
of passes. However, this could not be done 
because when 3-pass ECAP was applied, the 
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sample was damaged (broken and cracked). So 
that the ECAP treatment with Bc route on 






Figure 4. FWHM vs 2θ plots of titanium rod samples. (a) Before ECAP. (b) After first pass of ECAP. (c) After 
second pass of ECAP. 
 
Lattice Strain-Hardness Relationship 
  
The decrease of the lattice strain value on the 
titanium rod as a result of the ECAP treatment 
that is occurred (see Figure 6.b) led to 
suspicion of the implications for the changes in 
its mechanical properties. To prove this, the 
decrease of the lattice strain value that occurs 
is correlated with the changes of mechanical 
properties. In this study, the mechanical 
properties tested were the hardness values on 
the Brinell scale (HB). The results of the 
Brinell hardness tests are shown in Table 2. 
The average hardness (HB) values were then 
used in the analysis of the lattice strain-
hardness relationship.  
 
The plot of the hardness value (HB) as a 
function of lattice strain value (ԑ ) is shown in 
Figure 7. The linear regression line formed in 
Figure 7 shows that the relationship between 
them is linear relationship. Based on its linear 
regression line, it can be seen that the smaller 
the lattice strain value, the greater the Brinell 
hardness value. That is, the decrease in the 
lattice strain value on the titanium rod resulted 
from ECAP treatment implicates to the 
increasing of Brinell hardness value.  
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Figure 5. Williamson-Hall plots of titanium rod samples. (a) Before ECAP. (b) After first pass of ECAP. (c) 






Figure 6. Graph of lattice strain (ԑ ) vs pass. (a) A bar graph. (b) An exponential regression curve with lattice 
strain (ԑ ) as a function of pass. Error bars indicate 1x standard deviation. 
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Figure 7. Linear regression line with its equation that shows Brinell hardness (HB) as a function of lattice strain 
(ԑ ). Error bars indicate 1x standard deviation. 
 
 
Therefore, it is found that the ECAP treatment 
on titanium rods is fairly effective method to 
increase its hardness value.  
 
Lattice Strain Distribution on Ti Rods 
  
In Figure 3, there are diffraction peaks which 
are signed as number 1. These diffraction 
peaks tend to be Na5Ti3F14 phase with (202) 
planes of tetragonal crystal structures. These 
phases are commonly used as coating layer on 
titanium to prevent the formation of TiO2 layer 
[13].  
 
In the unECAPed titanium rod sample, the 
Na5Ti3F14 phase did not contributed to the 
detected lattice strain value (see Figure 5.a). 
Whereas in the ECAPed titanium rod samples, 
this phase contributed to the lattice strain 
values of ԑ 2 = 0.003555 (see no. 1 in Figure 
5.b) and ԑ 2 = 0.002647 (see no. 1 in Figure 
5.c). Uniquely, both of these ԑ 2 values are 
greater than their ԑ 1 values (0.003205 and 
0.002576). This shows that the lattice strain 
values are higher in the area where the 
Na5Ti3F14 coatings are formed. 
 
Generally, the Na5Ti13F14 coating layer is on 
the outer side of the titanium rod. So it can be 
strongly assumed that the lattice strain value on 
the outer side of the titanium rod is higher than 
on the inside. And, with this assumption, it can 
also be assumed that the hardness value on the 
outer side of titanium rod is lower than on the 
inside. If the direction of the lattice strain 
vector is considered to be entirely in the 
longitudinal direction, then the illustration of 
the lattice strain distribution can be depicted as 
in Figure 8.a, Figure 8.b and Figure 8.c.  
  
In the unECAPed sample, there is a lattice 
strain value of ԑ 1 = 0.001014. This value is 
difficult to be described as a distributed vector 
on the titanium rod sample. However, its 
direction can still be predicted even though the 
probability is very low. If we consider that the 
lattice strain of ԑ 2 = 0.005241 is in the 
longitudinal axes position and its direction is 
considered as a main vector while ԑ 1 = 
0.001014 is considered as a projection vector, 
then these two vectors will be separated by an 
angle (θP) of 78.84o. So that the illustration of 
the lattice strain distribution directions can be 




Based on the results of this study, there are 
three advantages obtained from Bc route ECAP 
treatment on pure titanium rods, i.e. reducing 
the lattice strain value, eliminating small lattice 
strain value and increasing the hardness value. 
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Figure 8. Predicted lattice strain distribution on titanium rod samples. (a) A lattice strain Before ECAP. (b) 
Lattice strains after first pass of ECAP. (c) Lattice strains after second pass of ECAP. (d) Two predicted lattice 
strains before ECAP.  
 
 
 After being treated by Bc route ECAP 
treatment, the distribution of the lattice strain 
values tended to be more evenly distributed 
with a decreasing in their values, where on the 
outer side was higher that on the inside of 
titanium rods. 
The decrease of the remaining lattice strain 
value on titanium rod after being ECAPed 
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